INTRODUCTION
The Elkem Solar process route for solar grade silicon feedstock production is based on the chemical route, including purification steps such as slag treatment and leaching. As the chemical purification route does not include silicon in a gaseous phase less energy is used in this purification process than through the conventional Siemens process. [1] [2] [3] The main difference between conventional feedstock and Elkem Solar Silicon (ESS TM ) is the presence of phosphorus in addition to the boron in the latter. These extra phosphorus dopants are compensated for by the elevated boron levels, hence the term compensated silicon. 100% ESS TM typically contains 0.6 ppmw phosphorus. 4 The addition of a third dopant in the melt, the acceptor gallium, results in less variation in the net doping after solidification and therefore also less variation in the resistivity over the ingot height. In addition the transition from p-type material to n-type material often observed towards the top of ingots containing boron and phosphorus can be avoided. 5 Thus, compensation engineering using gallium co-doping, also called tri-doping, both minimizes the resistivity range throughout the ingot and increases the yield considerably when casting ingots based on compensated silicon feedstock. Dopant and impurity concentrations are known to vary over the ingot height due to segregation. Boron, phosphorus and gallium concentrations will all increase with increasing height in the ingot, while the oxygen content tend to decrease. 6 This segregation of species between the liquid and the solid phases of silicon is controlled by the segregation coefficient. The concentration of each dopant or impurity element throughout the height of a crystal is described by the Scheil equation: The efficient segregation coefficient is typically a bit smaller that k 0 and depends on the growth rate, v, the boundary layer thickness, d, and the diffusivity of impurity species in the molten phase, D.
Experimental and theoretical segregation coefficients for the three dopant elements are shown in Table 1 . PC1D is an efficient one-dimensional semiconductor device simulator which is widely used in the solar cell research community. 16, 17 However, models for various physical properties of crystalline silicon have been refined and improved since the latest official release of PC1D in 1997. In addition the computational power of an average computer has increased allowing for heavier calculations. The physics engine of PC1D has therefore been updated the last few years in order to implement updated models; Fermi-Dirac statistics and corresponding models for band-gapnarrowing, models for carrier mobility, carrier recombination models, and incomplete ionization of dopants.
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The compensation level and the increased total number of dopants in compensated silicon will affect several physical properties. Among the more important effects are the slightly reduced carrier mobility and the incomplete ionization of the dopants. These two effects are accounted for in the most recent version, namely PC1Dmod6.2, 21 by the inclusion of Schindler's unified model for mobility in compensated silicon 22 and Altermatt's models for incomplete ionization. 23, 24 In the present work PC1Dmod6.2 has been used to simulate the resistivity profiles throughout the full height of four different silicon ingots. The simulated resistivity curves are compared to measured values and effective segregation coefficients are proposed.
EXPERIMENTAL DETAILS
Four different high performance multicrystalline (HPMC) silicon ingots were investigated in this work. Ingots with target resistivities of 0.5, 0.9 and 1.3 Ω-cm were produced using gallium co-doped ESS TM , using a blend of 70%
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Elkem Solar Silicon and 30% polysilicon. Using tri-doping, i.e. adding boron and gallium in addition to dopants already present in the compensated silicon feedstock, each dopant profile has been engineered to be as flat as possible. In addition a non-compensated ingot with a target resistivity of 1.3 Ω-cm, made with a blend of polysilicon and fluidized bed reactor (FBR) silicon feedstock, was cast as a reference. The resistivity profile was determined by performing Eddy current measurements along the height of one block prior to wafering. Doping profiles are estimated using the Scheil equation (Eq. 1) together with the dopant concentrations in the charge. The phosphorus and the gallium concentrations are considered fixed and identical for the three ingots based on the expected purity level of ESS TM feedstock and the amount of gallium added to the charge, while the boron content is adjusted to obtain the different target resistivity values. Using a slightly altered version of the device simulation tool PC1Dmod6.2, allowing for the calculation of dopant ionization in tri-doped silicon, resistivity profiles for all four ingots was calculated based on the doping profiles from Eq. 1.
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The optimal boron concentration for each ingot is found by least square fitting towards the measured resistivity profiles. Least square fitting is also performed in order to find a set of effective segregation coefficients best suited to describe the resistivity profiles in our ingots. 
RESULTS AND DISCUSSION
The dopant profiles and the net doping N a -N d , according to the Scheil equation and effective segregation coefficients, are shown in Fig. 1 . Effective segregation coefficients and the dopant concentrations used in the optimization are shown in Table 1 and 2, respectively. The net doping of the 0.9 and 1.3 Ω-cm tri-doped ingots both show less variation of the resistivity over the height than the non-compensated reference. The exception is in the top 2-3 % of these two ingots where there is a very sharp increase in N a -N d . Hence by using gallium co-doped ESS TM for the 0.9 and the 1.3 Ω-cm ingots the resistivity range of the resulting wafers is narrower than for a non-compensated reference ingot with comparable resistivity. The 0.5 Ω-cm ingot on the other hand show a larger span in the net doping than the reference ingot. The dopant profiles for all three compensated ingots also show that the phosphorus concentration exceeds the boron concentration at about 90 to 95% of the ingot height. In conventional compensated silicon, i.e. without gallium co-doping, this would lead to a change from p-type to n-type silicon. However, with compensation engineering this transition is completely avoided, increasing the yield considerably. Figure 2 shows the estimated incomplete ionization of dopants for all the ingots. In the highly doped ingot with a resistivity of 0.5 Ω-cm, about 4% of the dopants are non-ionized at the bottom of the ingot. About 2% of the dopants are not ionized in the bottom of the other three ingots. With increasing total amounts of dopants present towards the top of the ingots the fraction of incomplete ionization among the dopant species increases as well. The increase of total dopants towards the top of the compensated ingots is much larger than the corresponding increase in the reference, and this is reflected in a much larger fraction of non-ionized dopants towards the top of the ESS TM -ingots. Modelled and measured resistivity profiles as a function of ingot height are shown in Fig. 3 . A general decrease in the resistivity with increasing height is observed in the 0.5 Ω-cm ingot. Towards the top of the ingot, at about 95-97% of the height, a small peak with increased resistivity is observed in the measured data. Interestingly this feature can also be reproduced in the simulated curve. Both the 0.9 and the 1.3 Ω-cm ingots show a decrease of the resistivity in the bottom half of the ingot and a sharper increase toward the very top. It is impossible to make perfect fits to measured profiles using the generally accepted segregation coefficients (i.e. values from Trumbore). This is especially visible in the 0.9 Ω-cm ingot shown in Fig. 3b . However, it was found that minor changes to the effective segregation coefficients greatly improve the fit between simulated and measured resistivity profiles. New segregation coefficients for compensated Si are therefore proposed here, given in Table 1 . Using these values, the measured resistivity profiles can be reproduced almost perfectly, as shown in Fig. 3 . It is to a certain degree possible to obtain a good fit to the measured resistivity data assuming 100% ionization of dopants and Klaassens resistivity model simply by adjusting the k eff. -values. However, with the implementation of state-of-the-art physical models implemented in PC1Dmod6.2, effective segregation coefficients closer to Trumbores k 0 -values can be used. The non-compensated reference ingot is equally well described with the commonly used values for k 0,B and our proposed value for k B,eff. of 0.75. 
SUMMARY
Doping profiles throughout the height of HPMC silicon ingots containing boron, phosphorus and gallium have been estimated sung the Scheil equation. The initial concentrations of dopants are based on the expected levels in the feedstock as well as least square fitting against measured resistivity curves. Effects of incomplete ionization for high concentrations of dopants as well as the effect of compensation on the charge carrier mobility are accounted for in the numerical simulation tool PC1Dmod6.2.
The conventional k 0 -values from Trumbore fail to accurately describe different features of the measured resistivity curves for the compensated ingots with different doping levels, but fits reasonably well for the non-compensated ingot. However, by introducing effective segregation coefficients the agreement between measured and simulated resistivity curves can be increased considerably. Effective segregation coefficients for our ingots based on ESS TM feedstock are therefore proposed. 
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